Abstract-Single domain YBCO bulk superconductors were prepared using a conventional top-seeded melt growth technique. Artificial holes were introduced to the green sample prior to thermal processing using a bespoke "spiked" mould. Mechanical properties such as elastic modulus, Vickers hardness, compressive strength, and tensile strength were measured and compared to the properties of a standard bulk. The presence of the holes the bulk microstructure was observed to limit porosity and lower the concentration of macro-cracks in the bulk microstructure, resulting in significantly enhanced mechanical properties of the bulk single grains. The elastic modulus of the perforated bulks was observed to exhibit an increase of more than 45% compared to the standard samples. Compressive and tensile strengths were also improved significantly in the samples containing artificial holes. Observed differences in Vickers hardness, on the other hand, were negligible. This could be because of the fact that the hardness is measured on a small surface area of the single grain sample, where the effect of lower porosity and lower concentration of macro-cracks is less relevant. The introduction of artificial holes to the bulk, single grain microstructure appears to be a very promising technology for the production of melt-textured bulk superconductors with enhanced mechanical properties.
I. INTRODUCTION
Y TTRIUM barium copper oxide (YBCO) processed in the form of large, single domain bulk samples that can trap large magnetic fields has considerable potential for a wide range of engineering applications [1] - [5] . Studies of the mechanical properties of these technologically important materials, which are critical to their application at high field, however, has been relatively few, however, since the discovery of YBCO in 1987. The most common technique used to characterize the mechanical properties of YBCO has been based on indentation at the macro, micro and nano-scales. This technique, however, only yields information about the external surface of the test specimen, which does not necessarily correlate with the properties throughout the bulk material. In addition, some previous studies have indicated a dependency of the measured hardness on force, which contradicts the fact that the elastic modulus is an intrinsic material property of each sample and should depend only on the composition of the material. In consequence, the results of previous studies have a high variability; the elastic modulus varies between 10 and 300 GPa and Vickers hardness between 0.5 and 20 GPa [6] . This variability is clearly affected significantly by the measuring technique and the quality of the sample microstructure [7] .
Understanding mechanics of bulk YBCO is critical for high field engineering applications [8] , [9] . The most common ways to improve the mechanical properties of REBCO bulk are Ag addition [10] - [12] and/or elimination of oxygenation cracking [13] , [14] . To evaluate the enhancement the uniaxial compression tests are important, therefore, in that they provide a relatively simple and effective way of characterizing the macroscopic response of the bulk material. The stress-strain profile can be calculated from these measurements, which yields information about applied force and the associated compressive displacement in the direction along which it is applied. The elastic modulus of the sample can also be determined from such measurements. In addition, monitoring the applied force up to the point of failure determines the ultimate tensile strength of the material.
We present the results of measurements of the fundamental mechanical properties of batch-processed YBCO bulk superconductors containing artificial holes. The results, which are compared to the properties of standard bulk YBCO sample prepared without holes, could serve as an effective starting point for further optimization and engineering studies of these critical properties of bulk, single grain YBCO superconductors.
II. EXPERIMENTAL

A. Sample Preparation
Precursor powder with stoichiometric composition of Y A special "spiked" tool was designed and manufactured to enable the direct pressing of pellets with holes. 42 g of YBCO powder was pressed uniaxially into discs of diameter of 32 mm using the "spiked die" with holes of diameter 1.1 mm and an average hole to hole distance of 5 mm prior to melt processing. A reference batch of discs without holes was also prepared for purposes of comparison. Each single grain was fabricated by TSMG in air under isothermal processing conditions using commercial thin films of Nd-123 on MgO (2 × 2 mm) as single crystal seeds. The temperature profile was optimised to avoid the formation of macroscopic cracks in the bulk microstructure and the unwanted nucleation of secondary grains. The large, single grains produced by the TSMG process were then annealed in flowing oxygen between temperatures 300°C and 450°C for 150 h. Finally, each disc was machined precisely to a diameter of 28 mm (± 0.05 mm) and a thickness of 10 mm (± 0.02 mm).
B. Sample Characterization
The elastic modulus of each bulk sample was measured using test equipment based on a hydraulic press UNICRAFT WPP 20E, which is capable of exerting a compressional force up to 20 tonnes. The applied force was recorded by a model SX-3 load cell, which is sensitive up to a maximum load of 10 tonnes. The resulting displacements were measured using a MarCator digital indicator, with a resolution of 5 μm. The data extracted from the digital indicator and the load cell were processed using a National Instrument NI 9209 data acquisition board with 24-bit resolution. The mechanical properties of bulk YBCO are ceramic-like, and hence undergo relatively little deformation when exposed to a load. As a result, seven samples were stacked axially to perform the compression test, which was subjected to a compression force of approximately 5 tonnes. It was assumed that the cross-sectional area of the material does not change during compression, so an undistorted diameter of 28 mm was used subsequently for all samples in calculating the physical properties of the material. A minimum of 6 iterations were used to improve the statistical significance of the measurements. Each sample was characterized at two different temperatures; 295 K and 77 K (cooling was achieved using liquid nitrogen).
Vickers hardness was measured using a stationary diamond intender connected to the load cell model SX-1 (30 kg, accuracy class C3). Each sample was positioned over a motorized lab jack model L490MZ Thorlabs, which produced and recorded the relative displacement parallel to the y-axis. The displacement along the x-axis was generated by the linear guide and the distance between indentations was measured by the MarCator digital indicator with a resolution of 5 μm. The data generated by the sensors were processed by the National Instrument NI 9209 data acquisition board.
The cylindrical bulk samples were compressed along their diameter, along the growth sector boundaries and between two flat, aligned steel jaws with a crosshead speed of 0.03 mm/min, until failure occurred. The speed of the crosshead was sufficiently slow to ensure quasi-static loading throughout the measurement process. The indirect tensile strength σ was calculated via equation: σ = 2P/πDt, where P is the load at failure, D is the diameter of the disc, and t is the thickness of the disc.
III. RESULTS AND DISCUSSION
A. Tensile Strength
The ultimate tensile strength was determined from the pressure observed at the sample breaking point (load parallel to c-axis). The averaged values of the ultimate tensile strength (Table I ) of discs prepared with artificial holes are higher compared to standard disks. The sample to sample variation is higher compared to the variations in elastic modulus, so no clear conclusions can be drawn from these data.
B. Elastic Modulus
The elastic modulus was calculated in the closed crack region from the slope of the linear part of the deformation curve. Fig. 1 shows examples of deformation curves for standard discs and discs processed with artificial holes (with pressure applied parallel to the c-axis of the superconductor) at room temperature. It can be seen that the open crack region (i.e., the non-linear part of the curve) is much larger in the case of the standard Table I . Fig. 2 shows the measured relationship between the average values of elastic moduli for the two types of superconductor (processed with and without holes) and at the two different temperatures. It can be seen that the elastic modulus increases by 65% for both sample types when the temperature of the measurement decreases to 77 K. It is also interesting to observe that the elastic modulus increases by approximately 46% at both measured temperatures for the samples processed with artificial holes.
C. Hardness and Hardness Profiles
The Vickers hardness was measured at at least five points at a/b-plane for each sample. Firstly, the hardness of the standard single grains and the single grains processed with artificial holes was compared at the top surface near the thin film seed. The measurement was then repeated after removal by grinding of 1 mm of material of the thickness of each disc (i.e., along the c-axis), with the results summarized in the Fig. 3 . It can be seen that the hardness is slightly higher in the case of the sample containing the holes, although any difference lies generally within the range of error bars. It can also be seen that the hardness follows a similar trend with increasing distance from the top surface of the bulk single grain.
Finally, the difference in hardness between the standard and perforated discs is more pronounced at liquid nitrogen temperature (77 K). The average value of the hardness was 540 ± 60 kgf/mm 2 and 630 ± 40 kgf/mm 2 for the standard and the perforated discs, respectively, and the hardness increased by 50-80% when measured at 77 K. These data are comparable with values of Y123/Ag published by Fujimoto [15] .
D. Indirect Tensile Stress and Modifications
The orientation of the samples for the indirect tensile strength measurements is shown in Fig. 4 . In contrast with the measurement of the elastic modulus and ultimate tensile strength, the direction of applied load is perpendicular to the c-axis of the bulk superconductor. The load was applied along the growth sector boundary for all samples measured. The standard samples and the samples containing artificial holes were measured in the first round of tests. The average values of indirect tensile strength are summarized in Table II , which reveal 15% enhancement in the strength in the samples prepared with holes compared to the standard bulk samples. The second set of samples studied was prepared by filling the artificial holes with Stycast epoxy resin (Stycast 2850 FT with 23 LV catalyst). These samples were observed to exhibit a further increase in strength by 23% compared to the samples containing unfilled holes. This approach could enhance even further the mechanical properties of single grain YBCO samples when the elasticity and thermal expansivity of the filler material are chosen to match the properties of YBCO.
IV. CONCLUSION
The benefits of improving the mechanical properties of bulk YBCO superconductors by the introduction of artificial holes into the sample microstructure have been investigated and compared to the properties of standard bulk YBCO samples. The elastic modulus of the samples containing holes was improved by more than 45% at temperatures of 295 K and 77 K. The ultimate tensile strength (for load applied parallel to sample caxis) was also improved at room temperature from 360 GPa to 460 GPa for the single grains fabricated with artificial holes. This change was less pronounced at 77 K, where the improvement was from 390 GPa to 460 GPa for the single grains fabricated with artificial holes. The effect of artificial holes on hardness was less pronounced compared to increase in strength and elastic modulus, except at 77 K where the difference was more pronounced. An increase in the average value of indirect tensile strength (for force applied perpendicular to the c-axis) of 15% for samples containing artificial holes was also observed. The results of this measurement suggest there is significant potential for further enhancing the mechanical properties of bulk YBCO by filling the holes by material with appropriate, matched physical properties. Such technology would further enable the thermal conductivity to be adjusted and improve the applications potential and stability of the materials. This feature could lead potentially to an improvement of superconducting properties in applications that utilise pulsed field magnetization, in particular.
